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HQHUJ\YLDDVSULQJDQGGLVVLSDWHLWYLDDGDPSHU+HUHWKHSDUDPHWHUVDUHJHQHUDOO\IL[HGFKRVHQWRREWDLQDFHUWDLQ
OHYHO RI FRPSURPLVH EHWZHHQ URDG KROGLQJ ORDG FDUU\LQJ DQG ULGH FRPIRUW ,Q WKLV ZRUN D SDVVLYH VXVSHQVLRQ
KDYLQJ  GHJUHHV RI IUHHGRP '2) KDV EHHQ DQDO\]HG ZLWK D KDOI FDU PRGHO XVLQJ 6,08/,1. LQ0$7/$%
,QYHVWLJDWLRQVRITXDUWHUFDUPRGHOVZLWK'2)>@DQGKDOIFDUPRGHOZLWK'2)>@KDYHDOUHDG\EHHQGRQH
%XW'2)VXVSHQVLRQV\VWHPLVDQHZDGGLWLRQWRYLEUDWLRQDQDO\VLV,WFRYHUVWKHJHQHUDWLRQDQGVLPXODWLRQRID
6,08/,1.PRGHOIURPJRYHUQLQJHTXDWLRQVRI'2)YHKLFOHVXVSHQVLRQV\VWHPFRQVLGHULQJWKHERXQFHPRWLRQV
RI WKH IURQW DQG UHDU ZKHHO ERXQFH DQG SLWFK PRWLRQV RI WKH YHKLFOH ERG\ DQG ERXQFH PRWLRQ RI WKH
GULYHUSDVVHQJHU
VVHDWWRWDOILYH$SKDVHGLIIHUHQFHEHWZHHQWZRVLQXVRLGDOH[FLWDWLRQLQSXWVKDVEHHQFRQVLGHUHG
IRU FUHDWLQJ WKH SLWFK RI WKH KDOI FDU ERG\ 6WHDG\ VWDWH UHVRQDQFH FXUYHV IRU YDULRXV GDPSLQJ FRHIILFLHQWV KDYH
EHHQDQDO\]HGIRUDZLGHUDQJHRIVSHHGV7KXVYDULRXVULGHFKDUDFWHULVWLFVGXHWRFKDQJHLQWKHGDPSLQJFRHIILFLHQWV
SLWFK DQJOH YHORFLW\ DQG HFFHQWULFLW\ RI WKH GULYHUSDVVHQJHU VHDW KDYH EHHQ VLPXODWHG DQG VXLWDEOH GDPSHU
FRHIILFLHQWVKDYHEHHQGHWHUPLQHG

1RPHQFODWXUH
msmdmtf mtr 0DVVRIWKH9HKLFOHERG\'ULYHUVHDW)URQWWLUHDQG5HDUWLUHUHVSHFWLYHO\
I       0DVVPRPHQWRILQHUWLDRIWKH9HKLFOHERG\
KsfKsrKd 6SULQJVWLIIQHVVRI)URQWVXVSHQVLRQ5HDUVXVSHQVLRQDQG'ULYHUSDVVHQJHUVHDWUHVSHFWLYHO\
KtfKtr  6SULQJVWLIIQHVVRI)URQWDQG5HDUWLUH
CsfCsrCd 'DPSLQJFRHIILFLHQWRI)URQWVXVSHQVLRQ5HDUVXVSHQVLRQDQG'ULYHUSDVVHQJHU¶VVHDWUHVSHFWLYHO\
CtfCtr  'DPSLQJFRHIILFLHQWRI)URQWDQG5HDUWLUHUHVSHFWLYHO\
l1 l2 'LVWDQFHRI)URQWDQG5HDUWLUHIURPWKHFHQWUHRIJUDYLW\&*UHVSHFWLYHO\
e 'LVWDQFHRIWKHGULYHUSDVVHQJHUVHDWIURPWKHFHQWUHRIJUDYLW\HFFHQWULFLW\
 3LWFKPRWLRQRIWKH9HKLFOHERG\
x1x2x3xd %RXQFHPRWLRQRIYHKLFOHERG\UHDUWLUHIURQWWLUHDQG'ULYHUSDVVHQJHUVHDWUHVSHFWLYHO\
0RGHOIRUYLEUDWLRQDQDO\VLV
2.1. Physical and analytical model 
$  '2) SLWFK SODQH KDOI FDU PRGHO KDV EHHQ FUHDWHG WR VWXG\ WKH HIIHFW RI FKDQJLQJ YDULRXV VXVSHQVLRQ
SDUDPHWHUVZKHQVXEMHFWHGWRVLQXVRLGDOURDGH[FLWDWLRQV7KHGLVWDQFHRIWKHGULYHUSDVVHQJHUVHDWWRZDUGVWKHIURQW
VLGHRIWKH&*LVFRQVLGHUHGSRVLWLYHZKLOHWRZDUGVWKHUHDULVWDNHQDVQHJDWLYH7KHUHLVQRHIIHFWRIHFFHQWULFLW\RI
WKHGULYHUSDVVHQJHUVHDWZKHQORFDWHGRQWKH&*7KHWLUHVDUHDOZD\VLQFRQWDFWZLWKWKHJURXQG


)LJD3K\VLFDOPRGHORIDKDOIFDUKDYLQJ'2)E$QDO\WLFDOPRGHOFRUUHVSRQGLQJWRWKHSK\VLFDOPRGHO
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2.2. SIMULINK model 
,PSOHPHQWDWLRQ RI WKH  '2) VXVSHQVLRQ PRGHO E\ 6,08/,1. KDV EHHQ LOOXVWUDWHG LQ )LJ 7KH OHIW VLGH
FRQWDLQVLQSXWVDQGVXPPLQJSRLQWV7ZRVLQXVRLGDOLQSXWVDUHJLYHQRQWKHWLUHV7KHRXWSXWVFRSHLVRQWKHULJKW
VLGH7KHLQWHJUDWLRQLVSHUIRUPHGZLWKWKHKHOSRIDQLQWHJUDWRUDQGYDULRXVJDLQEORFNVH[HFXWHWKHJDLQRSHUDWLRQV
'DWDLQVHUWHGLQWKHPRGHODUHFRPSDWLEOHWRWKHKHDY\EXVDQGSULYDWHFDU7KHVXPPLQJEORFNVDVVRFLDWHGZLWK
OLQNVLQWHJUDWRUVDQGJDLQVLQGLIIHUHQWFRORUVUHSUHVHQWJRYHUQLQJHTXDWLRQVGHULYHGIURPWKHVXVSHQVLRQV\VWHP
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)LJ6,08/,1.PRGHORIWKH'2)VXVSHQVLRQV\VWHPFUHDWHGLQ0$7/$%
*RYHUQLQJHTXDWLRQV
$VWKH)LJEVXJJHVWVERXQFHPRWLRQRIWKH9HKLFOHERG\VSUXQJPDVVFDQEHJLYHQE\
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
)RUSLWFKPRWLRQRIWKH9HKLFOHERG\VSUXQJPDVV





)RUERXQFHPRWLRQRIWKH5HDUWLUHXQVSUXQJ0DVV



)RUERXQFHPRWLRQRIWKH)URQWWLUHXQVSUXQJ0DVV



)RUERXQFHPRWLRQRIWKH'ULYHU3DVVHQJHU6HDW



5LGHFRPIRUWLQYHKLFOHV
5LGHDVXEMHFWLYHSHUFHSWLRQ LVDVVRFLDWHGZLWK WKH OHYHORIFRPIRUWH[SHULHQFHGZKHQ WUDYHOOLQJ LQDYHKLFOH
7KHJHQHUDO FRPIRUW OHYHO FDQEH LQIOXHQFHGE\ DQXPEHU RI IDFWRUV OLNH YLEUDWLRQ VHDW GHVLJQ DLU FRQGLWLRQLQJ
YHQWLODWLRQ LQWHULRU VSDFH QRLVH UHGXFWLRQ DQG VR RQ$OO WKHVH IDFWRUV FRQWULEXWH WR WKH WHUP ³ULGH TXDOLW\´ RI D
YHKLFOH $PRQJ WKHVH IDFWRUV RQO\ YLEUDWLRQ FDQ EH PHDVXUHG REMHFWLYHO\ RWKHUV DUH GHSHQGHQW RQ VXEMHFWLYH
HYDOXDWLRQ 9LEUDWLRQV WUDQVPLWWHG WR WKH SDVVHQJHUV RULJLQDWH IURP URDG XQHYHQQHVV DHURG\QDPLF IRUFHV DQG
HQJLQHSRZHUWUDLQ LQGXFHGYLEUDWLRQ$V WKH URDGXQHYHQQHVV LV WKHPDMRU VRXUFHRIYLEUDWLRQ LW LV LQFXPEHQW WR
UHGXFHLWVHIIHFW1XPHURXVVWXGLHVKDYHEHHQFRQGXFWHGWRHVWDEOLVKULGHFRPIRUWOLPLWVLQWHUPVRIPDJQLWXGHDQG
IUHTXHQF\FRQWHQWVRIYHKLFXODUYLEUDWLRQ,62SURYLGHGWKUHHGLVWLQFWH[SRVXUHOLPLWVIRUDVVHVVPHQWRI
ZKROHERG\ YHUWLFDO DQG KRUL]RQWDO YLEUDWLRQ LQ WKH  +] IUHTXHQF\ UDQJH LQ WHUPV RI FRPIRUW IDWLJXH DQG
KHDOWK7KH6RFLHW\RI$XWRPRWLYH(QJLQHHU¶VPDQXDOGHVFULEHVWKHYHUWLFDOYLEUDWLRQFRPIRUWOLPLWVRQWKHEDVLVRI
-DQHZD\¶VFRPIRUWFULWHULRQ>@,WLVEDVHGRQGDWDIRUVLQXVRLGDOYLEUDWLRQRIDVLQJOHIUHTXHQF\DQGWKHOLPLWVDUH

x 3HDNMHUNPVIRU¦+]
x 3HDNDFFHOHUDWLRQPVIRU¦+] 
x 3HDNYHORFLW\PVIRU¦+]

%HORZ+]H[SRVXUHOHDGVWRPRWLRQVLFNQHVV+]WURXEOHVWKHVWRPDFKDQGDURXQG+]UDQJHDIIHFWWKH
KHDGDQGQHFN>@HXPDQERG\LVPRVWVHQVLWLYHWRYHUWLFDOYLEUDWLRQLQWKH+]IUHTXHQF\UDQJH7KHUHIRUHWKH
YHUWLFDOQDWXUDOIUHTXHQF\RIWKHYHKLFOHERG\DQGGULYHUSDVVHQJHUVHDWVSUXQJPDVVVKRXOGEHZHOOEHORZ+]
XVXDOO\WR+]DQGIRUWKHZKHHODVVHPEO\XQVSUXQJPDVVLWVKRXOGEHLQEHWZHHQ+]DQG+]>@7KLV
IUHTXHQF\VWXG\LQFRUSRUDWHVZHLJKWHGDFFHOHUDWLRQFRQFHSWVWRGHWHUPLQHWKHFRPIRUWOHYHO,62SURSRVHG
WRXVHUPVRIWKHDFFHOHUDWLRQGXULQJDQDUELWUDU\FKRVHQWLPHLQWHUYDOWRHYDOXDWHWKHULGHFRPIRUWOHYHO,Q.RUHD
WKHULGHFRPIRUWOHYHO5&/IRUUDLOZD\YHKLFOHV>@LVGHWHUPLQHGE\

         10 rms refRCL 20log A / A                                                                                                                                
ZKHUHArms = :HLJKWHGUPVDFFHOHUDWLRQAref= 5HIHUHQFHDFFHOHUDWLRQ ±PV)RUFRPIRUWDEOHULGH5&/
VKRXOGEHOHVVWKDQIRUUDLOZD\YHKLFOHV>@,QFDVHRIURXJKURDGLWLVDVVXPHGWRJLYHKLJKHUYDOXHV
sr 1 2 2 sf 1 3 1 1 2 2 2
sf 1 1 3 1 d 1 d d 1 d
srI K (x l x) l K (x l x ) l C (x l x ) l
C (x l x ) l K (x x e ) C (x x e )
T T T T
T T T
        
        
  
    
tr 2 sr 2 1 2 sr 2 1 2 tr 2 or tr 2 orm x K (x x l ) C (x x l ) K (x x ) C (x x )T T              
tf 3 sf 3 1 1 sf 3 1 1 tf 3 of tf 3 ofm x K ( x x l ) C ( x x l ) K (x x ) C ( x x )T T              
d d d d 1 d d 1m x K ( x x e ) C ( x x e )T T         
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6LPXODWLRQUHVXOWV
)RUVLPXODWLRQRIERWKKHDY\DQGOLJKWGXW\YHKLFOHWKHIROORZLQJIRUPXODHKDYHEHHQFRQVLGHUHG

7LPHODJɒൌሺlͳ൅lʹሻȀ)URQWH[FLWDWLRQൌሾɘሺ±ɒሻሿ
)UHTXHQF\ɘൌʹɎሺȀɉሻ5HDUH[FLWDWLRQൌሾɘሿ

ZKHUHYHORFLW\vLVWDNHQPVLQLWLDOO\DQGZDYHOHQJWKɉLVP7KHDPSOLWXGH$LVWDNHQP5HVWRIWKH
GDWDXVHGIRUVLPXODWLRQDUHVKRZQLQWKH7DEOH
7DEOH6LPXODWLRQSDUDPHWHUVIRUKHDY\GXW\DQGOLJKWGXW\YHKLFOH
9HKLFOH
ms
NJ
md
NJ
mtr 
NJ
mtf 
NJ
I
NJP
Ksr
1P
Ksf
1P
Ktr
1P
Ktf
1P
Kd
1P
l1
P
l2
P
+HDY\GXW\      X X   X  
/LJKWGXW\      X X X X X  

.HHSLQJ WKH DERYH SDUDPHWHUV IL[HG WKH HIIHFW RI YDULRXV GDPSLQJ FRHIILFLHQWV DQG HFFHQWULFLW\ KDYH EHHQ
REWDLQHG LQ0$7/$% ,Q ERWK KHDY\ GXW\ DQG OLJKW GXW\ YHKLFOHV WKH DPSOLWXGH RI YLEUDWLRQ GHFUHDVHV DV WKH
GDPSLQJFRHIILFLHQWVLQFUHDVHV6WHDG\VWDWHUHVSRQVHIRUKHDY\GXW\YHKLFOHKDVEHHQVKRZQLQ)LJZKLOH)LJ
UHSUHVHQWV OLJKWGXW\YHKLFOHUHVSRQVH ,Q)LJEDQG)LJE WKHDPSOLWXGHVRIYLEUDWLRQGDPSGRZQGXH WR
KLJKHUYDOXHVRIGDPSLQJFRHIILFLHQWV7KHQDWXUDOIUHTXHQFLHVRIWKHVSUXQJPDVVHVOLHZHOOEHORZ+]7KHPDVV
DQGZKHHOEDVHGLVWDQFHRIDKHDY\GXW\YHKLFOHLVKLJKHUWKDQWKDWRIDOLJKWGXW\YHKLFOH7KHHIIHFWRISLWFKPRWLRQ
ZLOO WKHUHIRUHEHPRUH LQDKHDY\GXW\YHKLFOH7KHHFFHQWULFLW\ LVDOVRPRUHVLJQLILFDQW LQDKHDY\GXW\YHKLFOH
+LJKHU5&/YDOXHLQGLFDWHVVRPHGLVFRPIRUWZKLFKLVPRUHDSSDUHQWLQOLJKWGXW\YHKLFOHVWKDQWKHKHDY\RQH

)LJD5HVRQDQFHFXUYHIRUKHDY\GXW\YHKLFOHZLWKCsf =Csr=1VP, Ctf=Ctr 1VPCd=1VPH P5&/ 
E5HVRQDQFHFXUYHIRUKHDY\GXW\YHKLFOHZLWKCsf =Csr=1VP, Ctf=Ctr 1VPCd=1VPH P5&/ 








)LJD5HVRQDQFHFXUYHIRUOLJKWGXW\YHKLFOHZLWKCsf =Csr=Ctf=Ctr Cd=1VP e P5&/ E5HVRQDQFHFXUYHIRUOLJKWGXW\
YHKLFOHZLWKCsf =Csr=Ctf=Ctr 1VPCd=1VPe P5&/ 
D
D
E
E
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&RQFOXVLRQ
7KHDQDO\VLVRI'2)VXVSHQVLRQPRGHOIDFLOLWDWHVWKHUHVHDUFKHUVWRHPSOR\PRUHGHJUHHVRIIUHHGRP$JDLQ
VXVSHQVLRQGHVLJQFDQEHPRGLILHGZLWKWKHFRPSDULVRQRIKHDY\DQGOLJKWGXW\YHKLFOHZLWKHFFHQWULFSRVLWLRQRI
GULYHUSDVVHQJHUVHDW7KHVLPXODWLRQVKRZVWKDWDPSOLWXGHRIYLEUDWLRQLV OHVVZKHQHFFHQWULFLW\e EXWVOLJKWO\
JUHDWHUZKHQeKDVVRPHYDOXH7KHQHJDWLYHHFFHQWULFLW\RIWKHGULYHUSDVVHQJHUVHDWFDXVHVPRUHGLVFRPIRUWWKDQ
WKHSRVLWLYHHFFHQWULFLW\/LJKWGXW\YHKLFOHVKRZVPLQRUUHVSRQVHGXH WRFKDQJHRIHFFHQWULFLW\)LJDQG)LJ
LOOXVWUDWH WKH HIIHFWV RI FKDQJLQJ HFFHQWULFLW\ LQ KHDY\ GXW\ DQG OLJKW GXW\ YHKLFOH UHVSHFWLYHO\ZKHUH UHVW RI WKH
VXVSHQVLRQSDUDPHWHUVDUHNHSWVDPHDV)LJEDQG)LJEUHVSHFWLYHO\













)LJ5HVRQDQFHFXUYHIRUKHDY\GXW\YHKLFOHZKHQDe 	5&/ Ee P	5&/ Fe ±P	5&/ 











)LJ5HVRQDQFHFXUYHIRUOLJKWGXW\YHKLFOHZKHQDe 	5&/ Ee P	5&/ Fe ±P	5&/ 

+LJK 5&/ YDOXH LQGLFDWHV WKH GLVFRPIRUW RI WKH SDVVHQJHUV ZKLFK UHVXOWV IURP H[FHVVLYH URXJKQHVV KLJK
DPSOLWXGH H[FLWDWLRQ ORZ GDPSLQJ KLJK YHORFLW\ DQG YHU\ VWLII VXVSHQVLRQ VSULQJV 7KXV VHOHFWLRQ RI SURSHU
GDPSHUV LPSURYHG URDG VXUIDFH DQG SURSHU QDWXUDO IUHTXHQFLHV RI WKH VSUXQJ PDVV FDQ UHGXFH WKH YLEUDWLRQ WR
HQVXUHULGHFRPIRUW
$FNQRZOHGJHPHQW
7KH DXWKRUV DUH JUDWHIXO WR3URIHVVRU 'U 0G =DKLG  +RVVDLQ 'HSDUWPHQW RI  0HFKDQLFDO DQG &KHPLFDO
(QJLQHHULQJ ,VODPLF8QLYHUVLW\ RI  7HFKQRORJ\*D]LSXU%DQJODGHVK IRU KLV H[FHOOHQW JXLGDQFH YDOXDEOH
VXJJHVWLRQVDQGYLJRURXVPRWLYDWLRQWRFRPSOHWHWKLVZRUN:HDOVRH[SUHVVRXUJUDWLWXGHWR7KH$OPLJKW\$OODK
5HIHUHQFHV
>@ 7505DRDQG*995DR3DUDPHWULFVHQVLWLYLW\DQDO\VLVRIDKHDY\GXW\SDVVHQJHUYHKLFOHVXVSHQVLRQV\VWHP$531-(QJ$SS
6FL
>@ $0RKDPPDG]DGHK6+DLGHU$QDO\VLVDQGGHVLJQRIYHKLFOHVXVSHQVLRQV\VWHPXVLQJ0$7/$%DQG6,08/,1.$PHULFDQ6RFLHW\IRU
 (QJLQHHULQJ(GXFDWLRQ
>@ 0=+RVVDLQ01$&KRZGKXU\5LGH&RPIRUWRID'2)1RQ/LQHDU+HDY\9HKLFOH6XVSHQVLRQ,6(6&2-6FL7HFKQRO
 ±
>@ 006DUGHU0+=DKLG+&KRZGKXU\(*2Y\,QYHVWLJDWLRQRI9LEUDWLRQRQ9HKLFOH6XVSHQVLRQ6\VWHPXVLQJ+DOIFDUPRGHO
 $GY0DW5HV±±
(a)
D E
(b)
F
(c)
D E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F
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>@ 5*/RQJRULD9HKLFOH9LEUDWLRQDQG5LGH'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ7KH8QLYHUVLW\RI7H[DVDW$XVWLQ6SULQJ
>@ (*XJOLHOPLQR76LUHWHDQX&:6WDPPHUV**KLWD0*LXFOHD6HPLDFWLYH6XVSHQVLRQ&RQWURO,PSURYHG9HKLFOH5LGHDQG5RDG
 )ULHQGOLQHVV6SULQJHU/RQGRQ/WG8QLWHG.LQJGRP
>@ <*.LP+%.ZRQ6:.LP&.3DUNDQG7:3DUN&RUUHODWLRQRIULGHFRPIRUWHYDOXDWLRQPHWKRGVIRUUDLOZD\YHKLFOHV3,0HFK
 (QJ)-5DL±
